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Chapter 1

INTRODUCTION

This thesis addresses the stability of coastal rubble mound stone armor
layers exposed to water waves. The most common coastal rubble mounds are
breakwaters, jetties, and revetments. Breakwaters usﬁally have a large part of their
length oriented perpendicular to the direction of wave travel and their primary purpose
is to produce a quiescent area in their lee for ship anchorage or i)each sheltering. Jetties
are usually oriented parallel to the direction of wave travel and are used to produce an
artificial channel or inlet. This chafmel is usually an entrance to a harbor and is used for
commercial or leisure water-craft navigation. Revetments typically armor coastal or
riverside slopes that would otherwise erode when exposed to water waves. These waves

could be a result of local or distant storms or they could be due to ship wakes.

Breakwater failure caﬂ occur due to a number of different failure modes.
The dominant failure modes are shown in Figure 1. Of these, seaside armor stability on
a traditional rubble mound is critical to the integrity and functionality of breakwaters
and is therefore the focus of the present study. Breakwater stone-armor layer stability is

unique from other structural design in that it is highly variable, and this variability is
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Figure 1.1. Breakwater failure modes

complex and difficult to quantify for the wide range and many permutations of the many
variables involved. The variability is dependent on the stochastic nature of both the
armor boundary conditions and loading. Boundary conditions are the points of contact
underneath and between the armor stones. The boundary conditions are uncertain
because of the irregular stone shape and stone placement. The geotechnical
characteristics of the foundation are also often -uneertain. The loading of engineering
interest is primarily due to incident storm waves that vary with storm intensity and
storm location. The impact of the waves varies with water level and local bathymetry.
The local water level varies with tide and storm surge. Waves can dislodge armor units
by uplifti;,;g, rolﬁrig, or sliding individual units or by eausing en masse movement of the
entire armor layer. Armor units can be dislodged from the upslope layer without

jeopardizing the integrity of the armor layer. But if enough armor units move and the




underlayer is exposed, then the breakwater can erode quickly. This structural integrity
threshold is uncertain because damage, defined by the eroded volumé, may be focused
at a point or distributed over a broad area. Because the toe forms a foundation for the
armor layer, if the toe armof is mobile, then the enﬁre armor layer can mobile. How the.

armor layer responds to armor movement at the toe is quite variable.

The variability in both the loading and boundary conditions demands the
consideration of the randomness of each stochastic parameter. Many clients, including
the U.S. Army Corps of Engineers, now mandate that a risk analysis be done as part of
major breakwater rehabilitation studies. This requirement is intended to provide a
standardized engineering economic analysis technique for comparing competing
alternatives. The engineering performance study that must form the basis of the risk
analysis is often accomplished using a reliability aﬁalysis, where the reliability, or
conversely, the probability of failure, is quantified for each alternative. In the reliability
analysis, all alternatives that fall below a predefined level of reliability are either
modified or discarded. For exaniple, a breakwater may have several alternative armor
layer designs including randomly-placed stone, pattern-placed stone, and randomly-
placed concrete armor units. Each of these alternatives will have a different associated
cost and a different probability of failure for the design single storm or sequence of
storms. Determining the probability of failure .through instability of the armor layer
requires knowledge of thé rate of deterioration or the rate at which stones are displaced,

which has not been quantified for breakwater armor layers. Reliability methods have



only recently been adapted to breakwater design, and very little data exist to support
prediction of rubble-mound deterioration. Despite the many hundreds, and perhaps

* thousands, of studies on breakwater armor stability, there have been few generalized
studies of long-term deterioration of traditional rubble-mound armor layers. Moreover,
there have been no generalized studies of deterioration due to variations in storm
sequences using random waves. Finally, damage experiments to date have been

primarily conducted with nonbreaking waves, which is atypical of many environments

in which breakwaters are constructed.

The purpose of this study was to first identify the primary mechanisms of
stone instability and damage development when the breakwater armor layer is exposed
to depth limited, breaking waves. Chapter 2 discusses initiation of stone movement. A
relation for predicting the initiation of stone movement when exposed to vertical uplift
of normally-incident plunging breaking waves is presented in Chapter 2. The equation
is verified using data from a small-scale two-dimensional flume physical model Study. ‘
This portion of the research effort qualitatively ad&esses incipient motion of stone
armor. This section includes the traditional development of a stability prediction

equation and some insight into the effect of wave steepness on instability.

A primary goal of this study was to establish predictive relations for damage
developnignt on traditional breakwater sections for sihgle storms and for storm
sequences given depth-limited normally-incident waves. Chapter 3 introduces the

subject with a discussion of historical stability and damage development physical model




measurements and the relations derived from these past studies. In Chapter 4, a new
flume study is discussed where breakwater profiles were measured as damage
progressed on a breakwater cross section exposed to normally-incident depth-limited
breaking waves. A new device for measuring breakwater profiles is discussed in some
detail. New parameters are defined for prescribing the engineering characteristics of the
eroded profile. In Chaptér 5, measurements from this study are discussed in detail. In
Chapter 6, profile and wave data are analyzed to produce spatial and temporal relations
for predicting the mean and standard deviation of eroded area, eroded depth, eroded
length, and remaining cover depth on a breakwater that is exposed to normally-incident
depth-limited wave conditions. These equations should be valuable in support of

reliability analyses as part of comprehensive risk analyses.



Chapter 2

INCIPIENT STABILITY OF BREAKWATER ARMOR UNITS

2.1 Armor Stability Equations

Extensive research on breakwater armor stability has produced many
empirical stability models. PIANC (1976) provides a summary of early stability
models based on regulaf wave experiments. PIANC (1992) provides a discussion of
more recent irregular-wave-based models. The most widely known empirical stability
model was developed by Hudson (1958, 1959), following the pioneering work of
Iribarren (1938) and is typically seen in the following form

wo Y
K,(S,-1)*cotB

(2.1)

where
W = weight of armor unit
v, = specific weight of armor unit material
H = design wave height at structure toe

K, = tabulated empirical stability coefficient

S, = specific gravity of armor unit material
0 = seaside angle of armor slope relative to horizontal
6




Hudson also expressed this-equation in a slightly different form as

H

N, = (K,cot®)!® = ——
b (S,-1)D,,

(2.2)

where N, is the dimensionless stability number and D5, = (Wsy/y,)"” is termed the
nominal stone diaméter. Hudson did not use the nominal stone diameter variable. It
was used by both Thomson and Shuttler (1976) and Van der Meer (1988) who noted
that D, is the length of a side of a cube with volume equivalent to that of the median in
the stone weight distribution. A glance at equations 2.1 and 2.2 shows that stone
movement due to wave forcing, characterized by the wave heig_ht, is resisted primarily
by the stone weight. As shown by Hudson (1958), Ahrens and McCartney (1975), Van
der Meer (1988) and others, the wave shape, structure porosity, armor shape, and
structure cross-sectional shape all affect the wave force. Hudson also noted that the
resistance to movement is affected by the friction betweeﬁ armor units, stone shape,
upslope armor layer weight, and armor slope. Equation 2.1 is p;éferable from a physical
perspective because it maintains the inertial form of the forces, which is appropriate for
armor stability. But equation 2.2 combines the stability coefficient with the structure

' slbpe, which is desirable because the stability coefficient is a function of the structure
slope (e.g. Shore Protection Manual (SPM) 1984). This second form also presents the
stone stability equation in a form that is similar to sediment transport formulae. This

will be discussed further later in this chapter.



In equation 2.2, the stability number is a coﬁvenient scale for characterizing
the incident wave height relative to armor stone size. It is typically in the range of 1 to 4
for stable or marginally stable rubble mound breakwaters (Van der Meer 1988). The
SPM (1984) provides K, values for various armor layers at different slopes on
breakwater trﬁnks and heads exposed to breaking and nonbreaking waves. Zero-damage
K, values are typically used corresponding to less than 2 percent by count, or five
percent by volume, of the armor in a layer being displaced. Using this no—damége
guidance from the SPM (1984), the stability number is in the range of 1 to 1.6 for
angular stone armor layers at slopes of 1V:2H or steeper exposed to breaking waves.
The SPM specifies K}, values up to 2.2 for stone armor layers at slopes of 1V:3H
exposed to nonbreaking waves. So for most stable coastal breakwaters, the stability
number covers a narrow range from 1 to 2.5. For deformable structures where the
armor stone is expected to be mobile, such as S-shaped breakwaters and berm

breakwaters, Van der Meer (1988) suggests N, =3 - 6.

Hundreds of studies have been conducted to quantify the single empirical
parameter K, in equation 2.1 for the wide variety of prototype conditions that might
exist. Originally Hudson only explicitly included the effect of regular wave height,
ﬁructure slope, and armor stone specific weight. Hudson found no clear effect of wave
period on_armor stability for the nonbreaking regular wave conditions he and his
colleagues tested. They simply determined K, corresponding to the lowest stability

condition over a range of typical wave periods. The Hudson equation has been




extended to include the effects of irregular breaking and nonbreaking waves and wave
period (Ahrens 1975, Ahrens and McCartney 1975, Carver and Wright 1991, SPM
1984), various armor layer types and armor gradation (e.g. SPM 1984), and number of

waves (Medina and McDougal 1988).

Other regular-wave stability formulations that have been utilized in recent
years include Hedar (1960, 1986), Ahrens and McCartney (1975), and Losada and
Gimémenz-Curto (1979). Ahrens (1975), Ahrens and McCartney (1975), Losada and
Gimémenz-Curto (1979), and Pilarczyk and Den Boer (1983) all showed dependence of
wave peﬁod on stability number for regular waves. Each of these authors showed that
minimum stability occurred for surf similarity numbers or Iribarren numbers between 2
and 4, corresponding to plunging to collapsing breakers. The surf similarity number
was defined as £ = tan6 / (H/L)" where 0 = structure slope, H = regular wave height,
and L = local or deep water wave length. Thompson and Shuttler (1975) conducted an
extensive series of irregular-wave armor stability éxperiments. Their conclusions on
damage progression were insightful and are discussed in the next chapter. Using
Thompson and Shuttler’s data and data from his own experiments, Van der Meer (1988)
developed a stability model which explicitly included wave period, structure
permeability, storm duration and damage for a single design storm. The Hudson and
Van der Meer equations will be discussed further in the following chapters. The above
mentioned stability models predict minor damage reasonably well, although poor

predictions are common. Pfeiffer (1991) compared the models of Hudson (1958),



Hedar (1986), Losada and Gimémenz-Curto (1979), and Van der Meer (1988). Pfeiffer
found that the Hudson equation and the Losada and Gimémenz-Curto equations
performed the best when compared to field data, but none of the equations matched the
prototype records all that well. Pfeiffer also noted that none of the stability models

mentioned above are specifically suited for predicting extended damage.

2.2 Armor Incipient Motion Studies

The empirical stability models of Iribarren (1938), Hudson (1958), and
others are based on a free body analysis of an armor unit undergoing forcing due to
shallow-water waves. Early stability models assumed 1) the principal wave force was
due to down- or up-rush on an unsheltered and unrestrained unit, 2) the wave force was
drag dominant, and 3) the drag force would be critical if the maximum horizontal fluid
velocity was used, which was considered to be proportional to the shalldw—water
incident wave celerity. But for an intact structure and prior to initiation of incipient
motion, the armor units are typicaﬂy partially hidden and restrained from up or down
slope movement; so lift, inertia, and convection across the armor layer must be
considered. Moreover, Sawaragi et al. (1982)‘ showed that the maximum fluid velocity
on a rubble mound was not necessarily proportional to the wave celerity. Sigurdsson
(1962) made force measurements on armor composed of spheres set on extremely steep
slopes with an impermeable underlayer and derived incipient equations of motion; but
concluded by stating that the dominant mechanism of initiation of éxmor motion was

still unknown and required further investigation. Although many authors have
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measured wave kinematics on armor layers and the resulting forces, including Mizutani
et al. (1992), Torum and Van Gent (1992), Torum (1994), and Cornett and Mansard
(1994), there have been few observations of incipient movement of armor units
discussed in thé literature. As such, the relationships between incipient motion, wave

kinematics, and forces on armor units are still unknown.

Melby (1987) and McDougal et al. (1988) discussed a model for predicting
the wave forces on dolos concrete armor units and the resulting incipient motion of a
lone dolos in one of two orientations. Their model utilized linear wave theory and
Morison forcing (Morison et al. 1950) with added mass coefficients for wave slamming
from Kaplan and Silbert (1976) and Kaplan (1979). Kobayashi et al. (1990) presented a
nuinerical model for predicting the displacement of armor on a traditional rubble
mound. The shallow water wave model interacted with a permeable flow model and
hydrodynamic drag, inertia, and lift forces were computed using a Morison formulation.
The model was limited to forces parallel to the structure because only depth-averaged
velocities were predicted by this one-dimensional model. Torum and Van Gent (1992)
discussed a similar wave model and compared it to velocity measurements above a berm .
breakwater. Torum (1994) discussed the measurements further. Although two-
dimensional velocities were measured, vertical flow in the breaking wave was not
modeled numeriéaliy. In addition, Torum noted that the inertial force was not well
defined by the traditional inertia term of the Morison equation. Cornett and Mansard

(1994) described an experiment where forces were measured on a panel of stones. This
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approach was unique and yielded insight into the average frictional force on sections of
the armor layer. They found that the frictional force tending to dislodge armor units was '

greatest below the still water level and that the character of the force depended strongly

on the type of wave breaking.

This chapter discusses a series of physical model experiments fo identify
and develop predictive models for breakwater armor incipient>m‘otion and to relate this
motion to existing empirical stability relationships. The experiments were conducted in
wave ﬂumes at the Waterways Experiment Station in Vicksburg, Mississippi. The first
experiment consisted of measuring wave-induced fluid velocities on and within the
armor layer and runup/down. In addition, free surface oscillations were measured while
observing armor motion on stone and Core-Loc armor. The observations from this early -
study led to an incipient motion experiment using a fixed-sphere armor layer with
several loose spheres placed at various depths within the armor layer. A dominant

incipient armor motion mode and predictive stability equation were verified.

2.3 Experimental Setup

The initial experiments were conducted to determine the nature of armor
incipient motion and surrounding flow. The instrumentation included a laser Doppler
velocimeter (LDV), high-resolution video, and runup and vertical free-surface-piercing
gages near and within the armor layer. The experiments discussed in this chapter for

incipient motion were all carried out using regular monochromatic waves. Data analysis
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was performed on short segments of between five and ten uniform waves to develop

clear relationships between wave parameters and armor motion.

The primary study was coﬁducted in a 46-m long by 0.46-m wide by 1-m
deep flume, with an offshore slope of 1V:30H (Figure 2.1). A conventional rubble
mound cross section was constructed with various seaward slopes and armor types
(Figure 2.2). Table 2.1 lists the different test plans. In this thesis, only the sphere and
stone armor plans will be discussed (Test Plans 3 and 4) in order to maintain continuity
with the stone layer damage discussion in subsequent chapters. For Plans 3 and 4,
vélocity measurements, sampled at 100 hz, were made throughout the water column
from the toe to two armor dimensions abdve the still water level. The ranges of physical

quantities and common dimensionless parameters for Plans 3 and 4 are listed in Table

2.2
v Toe of Slope / Structure
Wave Gauge Wave Gauge
Array 1 Array 2
o ° ° 0.46 cm
Wave GaugesLo
[+]
6.9 m N .
248m - ex. velocity
measurement location
Wave Board
32m
Runup Gages
e ||| awee I S
Array 1 21m I Array 2 /
i 1V:30H

I Flat 424m |

Figure 2.1. Flume plan (top) and profile (bottom) views for incipient motion
experiment
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Figure 2.2. Definition sketch for typical structure profile

| Table 2.1
] Experimental Plans for Incipient Motion Experiments

Plan Armor Armor | Nominal | Struc- Off-
Type Weight | Armor ture shore down Meas.
Dia.
D,= (V)*®

cm

Core-Loc

Il 2 Core-Loc 105 3.6 1.5 20 - no
e Stone 200 4.6 2.0 30 yes
" 4 Sphere 58 3.03 2.0 30 yes
I Sphere | 212 5.6 20 | 30 yes
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Table 2.2
Ranges of Measured Physical Quantities and Common Dimensionless

Parameters for Plans 3 and 4

| Parameter Range
Wave height at toe, H, ' 2.41to018cm
Wave period, T 0.75 t0 4.0 sec
Water depth at toe, h, &5:10 24 cm ||
Wave steepness, S,=H,/L, 0.007 t0 0.1
L, = deepwater wave length
Surf similarity parameter, & = tan a/(H/Lo)’é 01to14
tan a = 1/30 = beach slope
Surf similarity parameter, § = tan 6/(H,L,)* 1.5to 21
tan 8 = 1/2 = structure slope
Reilative depth, h/L, 0.009 to 0.28
Relative wave height, H/h, : 0.06 t0 0.88

The LDV was a two-watt argon-ion two-component device assembled by

the Dantec Corporation. Here, two-component describes the fact that the LDV
measured velocities in two orthogonal directions. For this study, these directions were
always vertically upward and horizontal, in the direction of wave propagation. The
LDV worked in the back-scatter mode using a non-intrusive probe which contained both
the emission and receiving optics. The benefits of this device included nonintrusive
measurements, small measurement volume, clean drop-outs, high sampling rate, and no
required calibration. Drop-outs were situations where there was no measurable
backscattered signal v(e. ¢. when the laser beams crossed at a point above water, after the
wave crest had passed and the probe was above the level of the wave trough). During a

drop-out, the LDV would produce a constant signal at the last measured value. Because
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only the peak measured velocity values were used herein, drop-outs did not pose a

particular problem.

For this experiment, the LDV probe was pointed through the glass flume
wall into the voids within the armor layer and measurements were made of the internal
flow within the porous media. Many of the voids between armor units were more than a
nominal armor diameter deep, so measurenients could be made outside the flume wall
boundary layer. One drawback to the LDV was the requirement of a full time operator
with continuous attenﬁon to detail. Also, because of the small measurement volume,
small changes in measurement location in the sheltered region behind a stone or within
the armor layer often yielded large variations in measured average peak velocities.
Therefore, the instrument required many measurements to map the flow field. So data

analysis requirements were substantial for this experiment.

- The wave heights were determined using free surface measurements from a
vertical capacitance-type gage positioned at the location of the structure toe with no
structure in place. Synthetic rubberized horse-hair mats were placed landward of the
structure location to absorb the waves. The sampling rate for free surface measurements
was 20 hz. The zero-downcrossing wave height was computed as the average height

from a burst of approximately ten regular waves.
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24 Incipieht Motion Observations

Several dominant incipient motion rhodes were identified during the stone
sfability experiment in Plan 3, Table 2.1. The following descriptions pertain to initial
armor motion on an intact, as-built structure. Rolling was the only mode of motion for
stones on the toe. Although both onshore and offshore motion was observed, the toe
units always moved out of the layer in the onshore direction. Armor near the still water
level was more likely to displace than armor in other areas. This appeared to be due to
the fact that the armor was loosened in this area due to high velocities in the breaking
wave jet. Once loosened, the motion would depend on the armor shape and its position.
If the armor shape was flat, then the armor unit would flop back and forth until it rolled
out of the armor layer, generally rolling upslope during uprush. If the armor shape was
rounded, which was normally the case, the armor units would jump vertically under the
steep wave face if the wave was severely plunging or collapsing. If the wave was
sutéing, then loose units would only be displaced if they were exposed. There did not
appear to be sufficient lift in downrush or uprush flows along the armor layer to displace
the stoneé unless they were odd shaped (flat). The only displacement mechanism
observed for rounded stones sufficiently hidden in the armor layer was uplift under the

steep wave face.

These observations indicated that a fluid velocity or acceleration component
in the vertical direction is normally required to initiate armor motion for hidden armor

units. Additionally, this'early qualitative study indicated that, for a given wave height,
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incipient motion was primarily influenced by wave shape, stone position, stone

exposure, and stone looseness. -

2.5 Experimental Measurements

Throughout the experiments, vertical and horizontal wave velocities were
measured in the vicinity of the armor layer. Figure 2.3 show§ typical time series of the
horizontal and vertical velocities on the structure measured for one run of plan 3 with
the following characteristics: H,= 12 cm, 7= 15, d, = 24 cm, and d, = 8.8 cm, where H,
is the average wave height measured at the toe, T'is the average wave period, d, is the -

. toe water depth, and 4, is the depth of the laser measurement. The laser measurement
was made 1 cm outside the armor layer, measﬁred perpendicular to the outer armor layer
profile line. The sign conventién is such that the horizontal velocity is positive seaward
while the vertical velocity 1S pésitive upward. Typically for these measurements, the
horizontal velocity signal was considerably smoother than the vertical velocity signal,
due primarily to the small amplitude of the vertical velocity relative to the horizontal
velocity and the relatively large amount of turbulence near the armor layer. Figure 2.4
shows a velocity vector time series over one wave period, measured 1 cm outside the
armor layer profile line for oné run of plan 3 with the following characteristics: H, = 8.4
cm, T=2s,d,=24 cm, and d, = 17 cm. Also shown is the wave profile at the point of
maximum vertical velocity. The plot shows a large vertical velocity just below the steep
wave front. Observed maximum stone movement for this wave profile position is also

shown. Figure 2.5 shows an example of vertical velocities outside and inside the armor
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layer. These measurements were also made during one run of plan 3 with the following
characteristics: H,= 12 cm, T=1s,d, =24 cm, and d; = 8.8 cm for the external
measurement and d; = 13 cm for the internal measurement. The measurement locations
for these time series are shown in Figure 2.6, where the structure slope is 1V:2H. Here

it is clear that the velocities within the armor layer are highly irregular due to -

turbulence.

0.6
- IApy et velocity ]
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Figure 2.3. Velocity time series for one wave period with #,= 12cm, T=1s,d, =24 cm
and d; = 8.8 cm measured 1 cm outside the armor layer
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Figure 2.4. Velocity vector for one wave period for armor lifting measured 1 cm outside
the armor layer with H,=8.4 cm, T=2s,d,=24cm,and d; = 17 cm
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Figure 2.5. Vertical velocity time series outside (top) and inside (bottom) armor layer
with H,= 12 cm, T=1s, d,= 24 cm, and d; = 8.8 cm for the outer measurement and d,

= 13 cm for the inner measurement
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Figure 2.6. Measurement locations for vertical velocities shown in Figure 2.5

Figure 2.7 shows a typical plot of vertical velocity v,,/(gH,)”, measured 1
cm outside the armor layer at various depths, versus the square root of wave steepness,
where vy, is the average of the highest one-third peak velocities for the burst of regular
waves, g = gravitational acceleration, structure slope = 1V:2H, and L, = deep water
wave length. For simplicity, v is used instead of v, in Figure 2.7 and hereafter.
Relative laser depth, rd = d,/d, is the ratio of the depth of the laser to the depth at the
toe, measured from the still water level. As noted by Sawaragi et al. (1982), maximum
non-dimensional velocities commonly occurred for collapsing to plunging breaking
waves. Pilarczyk and Den Boer (1983) showed minimum stability for 1V:2H slope

occurred for £ = 3.3. In this case, this point occurs at (H/L,)* = 0.15, which is near the
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maximum measured velocity for the waves with 7= 2 s. The peak vertical velocities for

given wave period decreased with increase of rd in this figure.

Vertical Velocity at Armor Surface

Ee depth =24 cm l

( I{/Lo)m

o T=1, rd=0.36 = T=2, rd=0.36 - T=1, rd=0.5
e T=2,rd=0.5 =~ T=1,rd=0.7 ~ T=2, rd=0.7

Figure 2.7. Maximum vertical velocity versus the square root of wave steepness for
wave periods 7= 1 and 2 s and relative depths rd = 0.36, 0.5, and 0.7
2.6 Incipient Motion Prediction

The previous experimental results indicated that one of the dominant
incipient motion modes was due to the vertical force occurring under the steep wave
front. The balance of forces for vertical incipient armor motion with no external
restraiﬁts yields the equality between the submerged armor weight and the vertical fluid
force; W’ = F,. The vertical force at the steep wave front can be descﬁbed by the

Morison equation (Morison et al. 1950).
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d
F, = %A Cpv? + pVCm-i 2.3)

where p = fluid density, A = cross sectional area of armor unit in direction of flow, C,, =
drag coefficient, v = peak vertical velocity just above the armor layer as plotted in
Figure 2.7, V = armor unit volume, C,, = inertia coefficient, and dv/dt = total fluid
acceleration. The drag force, the fﬁst term on the right side of Equation 2.3, can be
expressed as a function 6f the armor nominal diameter, D,, by introducing an armor

shape factor, K, as follows

A=KD} (2.4)

The drag force in Equation 2.3 is then given by

K,C
F,=pD}Cv?; C= A2 2 2.5)
where the nominal diameter was previously defined as
/3
D, =V"= [K) 2.6)
Y,

where W = armor weight and vy, = armor specific weight.

At the point of maximum vertical fluid velocity, the local vertical fluid
acceleration, ov/0¢, and horizontal velocity, u, are negligible. As such, the total

acceleration reduces to a convective term.
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where x = horizontal coordinate and y = vertical coordinate. If we assume the

convective acceleration across the armor layer to vary linearly vertically, then the

acceleration can be expressed as

ﬁil;. zv@.:Kv_z 2.8
i) & D (2.8)

n

where K, is an empirical coefficient of order unity. The maximum inertial fluid force in

Equation 2.3 can thus be reduced to

F,=pD}C’ v? 2.9
with
¢ =kKC, | (2.10)

Substituting Equations 2.5 and 2.9 into the stability criterion W' = F, with W' = pg(S,-
| 1)D,? yields a stability relation in form similar to Shields criterion (e.g. Raudkivi 1990)

for the initiation of motion of sediment particles

2

v
—_— = (C,+C" )7} 2.11
Dﬂg(sr_l) ( D m) . ( )
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where S, = armor specific gravity, g = acceleration of gravity, and v, = critical vertical

velocity at which armor just begins to lift. In terms of N, from Equation 2.2, Equation
2.11 becomes |
H gH

_ c _ Cfpe -1
K Yo I .

where H_ = critical wave height at toe. It is interesting to note that the stability number
- is primarily a function of the Froude number, v, / (gH.)*. This formula ties the

traditional stability relations to local vertical velocity measurements.-

Baséd on results of detailed velocity measurements in the interior and just
outside the armor layer, the vertical velocity gradient was found to be proportional to the
ratio of the vertical velocity and the armér diameter, as assumed in Equation 2.8. The
empirical convection coefficient is K = 0.90 for this experiment. This is shown in
Figure 2.8 for a group of experiments summarized in Table 2.3. All experiments listed
in Table 2.3 were conducted with a seaward slope of 1V:2H, D, =4.6 cm, and d, = 24
cm. The velocity values aie positive peaks from the aligned inner and outer vertical
velocity time series. In Table 2.3, the velocity gradient Av/Ay = |(v,- v)/(y,- ¥;)|, where
v, = outer peak velocity, v; = inner peak velocity, y; = inner velocity measurement

elevation, y, = outer velocity measurement elevation.
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iTable 2.3
Summary of Convection Measurement Experiment Results with cot =2,

D,=4.6 cm,and d,=24 cm.

Measure-
ment
Location

near free
surface

Wave
Height
cm

Wave
Period
s

Outer
Laser
Depth
cm

Outer
Velocity
Vo
cm/s

v/D,

inner
Laser
Depth

AviAy

12.5 2.72 9.0 0.88
16.5 3.59 10.0 1.64
28 20 | 859 | 19.0 413 12.55 8.0 278
18.0 3.91 8.5 2.40
one-third 14.0 3.04 8.0 1.51
of depth 50.0 10.87 7.0 10.85
46.0 10.00 10.0 9.09
8.4 20 | 859 | 480 10.43 | 1255 15.0 8.33
‘ 50.0 10.87 16.0 8.58
45.0 9.78 14.0 7.82
26.0 5.65 9.0 4.29
20.0 6.30 9.0 5.05
5.5 30 | 859 | 31.0 6.74 12.55 8.0 5.80
28.0 6.09 10.0 454
28.0 6.09 12.0 4.04
22.0 478 9.0
18.0 3.91 8.0
4.3 40 | 859 | 200 435 12.55 10.0
17.0 3.70 9.0
180 | 391 7.0
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Figure 2.8. Vertical variation of vertical velocity under a steep wave front across the
armor layer as a function of wave steepness
The drag and inertia coefficients can be more accurately defined if we
assume spherical armor. Based on previous studies of forces on armor by Mizutani et

al. (1992) and Torum (1994), reasonable estimates for drag and inertia coefficients are

Cp,=0.8 and C, = 0.4 yielding

KA CD
Cp=—22 =05 (K, =121 (2.13)
C,=KC, =036 (K, =090) (2.14)

where K, = 1.21 corresponds to a sphere. The critical vertical velbcity, v,, for the

incipient vertical armor movement reduces to
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2
%

—_— =12 (2.15)
D, g(S.-1)
where the critical vertical velocity, v,, depends on the nominal diameter, D,, and the
specific gravity, S,, only, for a loose armor unit. So, if the vertical velocity exceeds this
critical velocity, motion of the sphere should occur. At the point of incipient motion,

this critical condition can be expressed as

v=v, = /T2D,gG, D - 2.16)

Plan 4 in Table 2.1 was designed to test the above criterion. For Plan 4, the
armor layer was constructed using silicon rubber spheres which were glued together and
attached to an inflexible yet porous metal mat. The metal mat was placed directly on the
underlayer and fixed to the flume walls. Several loose concrete spheres were placed in
the armor layer along a line from above the still water level down to the toe. Each two
loose spheres were separated by two glued spheres so that there was no interaction
between loose spheres. The sphere layer of Plan 4 was constructed to have the

minimum porosity of a sphere layer of 0.33.

For Plan 4, the loose spheres would not move under any conditions unless
they were slightly raised in the armor layer. This was accomplished by placing a 0.5-

cm-thick spacer under each sphere. The primary effect of this was to raise the porosity
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surrounding the loose sphere, providing a path for water motion under the sphere. The
only motion observed for the raised loose spheres was vertical motion under the steep
wave front, following a slightly elliptical path, and lapding back in their hole after the
wave front passed. For tests with vertical velocities corresponding to the critical value,
the spheres were just lifting off. For the larger vertical velocities, the spheres were
lifting entirely out of their initial holes, but settling back into their holes. This sphere
motion under the breaking wave is shown in the sequence of photographs in Figure‘2.9.

The sphere in motion is just left of the black rectangle on the right side of the

photograph.

In the incipient motion experiment, spheres at a depth of one-third the toe
depth wefe the most mobile while spheres at the still water level were somewhat less
mobile. This movement corresponded to the variation of the .vertical velocities in the
water column as shown in Figure 2.6. Figure 2.10 shows the incipient motion criterion
of Equation 2.16 versus wave steepness for Plan 4 using a few representative points
from each motion category as summarized in Table 2.4. For this figure v, = 61.8 cm/s
computed using Equatien 2.16 with D, =3.03 cm, S, = 2.083, and g = 980.6 cm/s. The
dark horizontal line represents the theoretical incipient motion criteria while the velocity
measurements are represented by the dark dots. Observed movement is noted for eaeh
data point. The vertical gaps between the lifting group of points and the stationary and
rolling groups occurred because the vertical velocity increased dramatically under the

steep breaking wave face. Therefore, it was difficult to get a continuous set of points
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over the entire range of v/v, ratios. For the drag and inertia coefficients selected, the

incipient motion criteria agrees reasonably well with the observed movement.

Figure 2.9. Photographs of sphere motion during a typical incipient motion experiment
for Plan 4 ' '
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Figure 2.10. Incipient motion criterion (Equation 2.16 with v, = 61.8 cm/s) versus wave
steepness

Table 2.4
Summary of Incipient Motion Experimental Results

Sphere Wave Wave Velocity

depth Height Period ness v vlv,
cm cm s cm/s

4.6 1.0 0.029 28.3 0.46
13.0 1.0 0.083 41.8 0.68
2.8 2.0 0.009 11.0 0.18
8.4 20 0.027 - 29.6 0.48
near free 5.5 3.0 0.012 20.2 0.33
surface 7.6 3.0 0.016 17.2 0.28
d,/d,=0.16 14.0 1.0 0.090 . 425 0.69
15.2 1.5 0.065 67.8 1.10
17.0 1.5 0.073 64.9 1.05
14.3 2.0 0.046 63.8 1.03
13.0 20 0.042 59.8 0.97
4.6 1.0 0.029 8.8 0.14
one-third of 13.0 1.0 0.083 31.3 0.51
depth 2.8 2.0 0.009 7.5 0.12
d,/d,=0.38 8.4 2.0 0.027 229 0.37
5.5 3.0 0.012 14.9 0.24
7.6 3.0 0.016 12.3 0.20
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2.7 Conclusions from Incipient Motion Study

Experiments on incipient motion of breakwater armor showed several
modes of displacement. One dominant mode was due to vertical wave forces which are
shown to occur at the point of maximum vertical velocity under the steep wave front. A
simple relation was derived assuming a Morison-like wave force balanced by the armor
unit submerged weight. The wave force model was composed of drag, due to the
maximum vertical velocities, and inertia, due to the vertical convective accelerations.
The maximum vertical convective acceleration is shown to be roughly linearly related to
the square of the velocity, which puts the inertial force term into the same form as the
drag term. The resulting incipient motion stability relation is similar in form to the
Shields sediment motion criteria. Further, wheh expressed as a traditional stability
number, incipient motion is shown to be a function of the Froude number, vi(gH)*. The
incipient motion criterion shows promise in predicting the incipient motion of spheres
for the conditions tested, but further experiments are required. This study provided
some insight into how breaking waves can instigate armor motion and remove armor
units from an intact armor layer. Further experiments were conducted using a high-
precision force transducer to measure the forces on exposed spherical armor units.

These measurements have not been analyzed completely and are not included herein.
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Chapter 3

HISTORICAL DAMAGE MEASUREMENT AND DESCRIPTION

3.1 Damage Modeling Standards

There is a substantial amount of literature concerning the measurement of
damage on rubble-mound coastal structures. Hughes (1993) reviewed laboratory
techniques for measuring damage. He noted three types of experiments for accumulated
damage: (a) long-duration tests, (b) accumulated-storm-impacts tests, and (c) residual-
stability tests. There is overlap among these three and few standards appear to exist for
these types of laboratory studies. Jensen (1984) noted that model storm duration sﬁould
generally be specified to provide the equivalent of 8 to 10 hr prototype. This is
sufficient if equilibrium damage, where further waves cause no additional damage,
occurs in this time; but if not, a subset of tests should be conducted to determine the
ultimate damage level. Hughes stated that tests should be repeated at least two to four
times to develop sufficient statistical certainty in the expected outcome with more

extensive testing performed if the variance is large.

There are two dominant methods for damage measurement: (a) visual:
counting the number of individual armor units that have been dislodged and moved

more than one nominal diameter from their original location and (b) profile
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measurement: determining the eroded armor volume through profiling. A subset of the
profiling method of characterizing damage, noted by Van der Meer (1988) for dynamic
stability, is through description of the profile geometry. Torum et al. (1979) and Davies
et al. (1994) described measurement of the minimum depth of cover, d, shown in Figure

3.1, which is a reduction of the profile shape to a single parameter.

ERODED AREA, A,

: o
DEPTHOF C

Figure 3.1. Sketch of breakwater profile with definition of eroded area and depth of
cover
3.2 Damage Measurement Methods
3.2.1 Eroded volume method

The U.S. Army Engineer Waterways Experiment Station’s (WES’)
historical method for characterizing damage utilized profiles to determine the
percentage volume of stones eroded relative to the total volume of stones in the active

armor layer. Hudson (1959) used this volume method. But the méthod apparently is
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not described in detail in any public references. As such, it will be described herein. In
this voluﬁe method, the active armor layer was defined as extending from the middle of
the breakwater crest to one zero-damage wave height below the still water level. The
damage was determined through profiles using a sounding rod with a circular foot of
diameter equal to 0.56D,5,, where D5, = (W,y/y,)'” is the nominal diameter of the
median stone weight, Wy, and v, is the specific weight of armor stone. The sounding
disc size was determined so that the before-testing armor layer thickness, determined
using the measured profile, coincided with the theoretical value. The soundings were
generally obtained on a horizontal grid spaced evenly at 1.5D,,,. A number of profiles
along the breakwater length were averaged to determine an average profile. The
average damaged profile was subtracted from the undamaged average profile to get an
average eroded area over the active region. The eroded cross-sectional area is defined in
Figure 3.1. This eroded area was divided by the total area of armor in the undamaged
average profile to get a percent damage D%. Hudson’s (1959) zero-damage criteria
corresponded to D% < 1 percent. The zero-damage criteria given in the Shore
Protection Manual (SPM 1984) corresponds to D% < 5 percent by the eroded volume
method or 2 percent by count. The justification for the less restrictive zero-damage

criteria is not clear but evolved over many years.

The primary weakness of the WES eroded volume method is that, because

the damage is only computed over the active region, the damage value will depend on
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the structure geometry. This method also provides no indication of the severity of

damage as characterized by the profile shape.

Jackson (1968) gave damage due to regular waves in terms of the WES
eroded volume deﬁnitibn of damage. Jackson’s damage values, given in Table 7-9 in
the SPM, have been widely used to predict damage but are limited to regular waves with
damage starting from an undamaged structure. Also, the damage is not given as a

function of time, which is critical for determining the reliability of a structure.

Broderick and Ahrens (1982) and Van der Meer (1988) defined a

dimensionless damage index using profile data as

’ S Ae Ae
- 23 2
M, 50 D n50 (3 1 )
P,
where

A, = eroded volume per unit length or cross-sectional eroded area
M,, = massofmedian armor unit in mass distribution
P, = armor unit density

Where their variable nomenclature has been modified to avoid confusion. Broderick and
Ahrens stated that A, was calculated from the profile data by determining the difference
between before and after testing profiles. The difference in Broderick and Ahrens’

method from the traditional eroded volume method was that they nondimensionalized
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by the square of the nominal stone diameter rather than the area in the undamaged armor

profile.

If the eroded area over the entire structure is used to compute S rather than
just the active region, the ratio of damage by the eroded volume method to that of the

damage index can be computed as per Cornett (1995)

t [ | hc—h,+H]
S _ 2 sin® . H<h, 3.2)
D% IOOD n’.;o
where
t, = armor layer thickness
w, = crest width
h. = breakwater crest elevation above bottom

h, = water depth at toe

H = design wave height

D
It

seaside angle of armor slope relative to horizontal

Equation 3.2 assumes the wave height is less than the depth ét the toe.
Cornett noted that the range of this ratio is 0.6 to 1.25 for typical rubble mounds. For
S/D% = 0.8, he notes that the zero-damage criteria of D = 5% corresponds to 0 < S < 4.

This is quite a broad criterion. The damage index method appears to give a better
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representation of damage. Broderick and Ahrens and van der Meer noted a zero-

damage level of S = 2.

Thompson and Shuttler (1976) also used the eroded volume method. They
used a profiler with a foot diameter of D,5/2 with soundings spaced at D, which is
similar to that used in the WES experiments. The structure was surveyed after each
1,000 waves. They computed the eroded volume V, using the trapezoidal rule and an
average profile. A damage number N, was calculated, assuming a spherical armor
shape, as the number of stones eroded in a 9D,5, wide region of the breakwater section
as follows

B

N oo PV
A” | (3-3)
P,,EDjso
which is equivalent to
54p; A, .
s " ; (34
™. D n50

over a 9D, width of the structure, where

p?, = armor bulk density
V, = average eroded volume
p, = actual armor density

The difference between the method of Thompson and Shuttler and the

damage index method is the 54p° /7p, in Equation 3.4. For Thompson and Shuttler’s
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tests, the density ratio was p/p?, =1.81. Therefore, the method of Thompson and
Shuttler yielded a damage index approximately nine times that of Broderick and Ahrens,
or the width of their structure in nominal diameters. Thompson and Shuttler also
determined the minimum armor layer thickness at failure. They defined failure as the
point at which an area of exposed underlayer of diameter D,;, occurred. Note that the
minimum armor layer thickness will not be zero at failure because it is expressed as a

spatial average of several profiles.

H. R. Wallingford, Ltd. (1990), showed that Equation 3.1 yielded very
different results if a slightly different method was used to compute the average eroded
area. The first method they used was that described for the WES eroded volume
method, where an average profile was used to determine an average eroded area. The
altemative method was to sum the eroded areas from all profiles in order to compute an
average eroded area. The difference between the two methods ranged from 2 to 82
percent. In general, the difference decreased as the damage level increased. Note that

most authors do not describe the method used to compute damage.

All damage methods discussed above share a common weakness, namely
they compute the average damage, which may be concentrated in one pocket or spread
‘out over several areas. Also, none of the methods give any indication of the profile
shape, or more specifically, the maximum depth of erosion, which is certainly an

important parameter for a multilayer structure.
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3.2.2 Stone count method

Hedar (1960), Owen and Allsop (1983), Hughes (1993), and Davies et al.
(1994) describe measurement of damage through stone counts. Besides visual counting
during the test, photo overlays and digital image processing software can be used to
determine damage by stone counts; but these methods are relatively complex and time
consuming. Stone count methods are useful for determining very low damage values
but become inaccurate if more than a few stones begin to move or if movement is due to
sliding rather than dislodgement of individual stones. Stone count suffers from the
same weaknesses as the eroded volume method, namely that the spatial concentration of
damage is generally not specified and the maximum depth of erosion is not computed.

Stone count is also somewhat subjective.

3.2.3 Recent damage measufement methods

Davies et al. (1994) provided a review of laboratory techniques for
measuring breakwater profiles and methods for characterizing damage. They described
the WES damage D% (SPM 1984) as a visual displaced stone count and made no
reference to the WES eroded volume method. They introduced 'a technique to compare
the stone count method of damage measurement with the damage index method of
Broderick and Ahrens (1982). For damage measurement, they used a semiautomated
profiler that measured profiles with a small spatial sampling interval by dragging a
wheel over the structure face. During an experiment measuring damage on a riprap

armor layer, they computed the damage index, apparently using an average profile, and

40




they noted that stone counts were more accurate when only a few stones moved, but the
volume method improved accuracy of the damage measurement for advanced damage. |
They also noted that the depth of covér d. was useful in describing the degree of
damage. They noted that, for an armor layer thickness of approximately 2D,,, when
d.=D,s,, the underlayer was visible through a hole D, in size, and when d,=0,

significant damage to the underlayer had occurred.

3.3 Damage Measurement Experiments

Historically, breakwater design has been accomplished using an empirical
stability equation, such as the Hudson equation (Hudson 1958, 1959) as shown in
Equation 2.1.  As described earlier, for this equation, K}, is defined for a given level of
performance, typically the no-damage condition represented by D% less than 2 percent
by count or 5 percent by volume (SPM 1984). This te